ABSTRACT: Two-dimensional transition metal carbides and nitrides, also known as MXenes, represent an attractive class of materials for a multitude of electrochemical and other applications. While single sheets of MXenes have been widely studied theoretically, there have been much fewer studies on layered bulk MXenes, which are more representative of multi-or few-layer MXenes used in actual applications. Herein, we investigate the structural and electronic effects of water intercalation, multiple functional groups and applied potential on layered bulk Ti 2 C and Mo 2 C MXenes using density functional theory. The out-of plane lattice parameter, c, was found to vary significantly with the functional group, and is greatly increased upon intercalation of water. Experimental results confirm the change in lattice constant due to addition or removal of intercalated water. Under zero applied potential, both Ti 2 C and Mo 2 C were found to be functionalized by one monolayer of O; bare MXenes were never found to be stable, regardless of the applied potential. Applying a potential changed the adsorbate coverage, changing the systems from O covered to H covered at negative potentials and, in some cases, giving rise to a metal−insulator transition. Understanding of the effects of surface functionalization and water intercalation of MXenes provides a better insight of their use for catalytic and electronic applications.
■ INTRODUCTION
Two-dimensional materials have attracted great interest in recent years for their exciting physical and chemical properties. One of these intriguing new families of two-dimensional materials are the transition metal carbides and nitrides, MXenes. 1, 2 MXenes are produced by etching their ternary layered carbide or nitride precursors, 3−5 which consist of an early transition metal M, a post-transition metal or semiconductor A (such as Al, Si, or Ga), and X, which is either C or N. These ternary carbides and nitrides are typically composed of M n X n-1 layers, interleaved by layers of A, where n = 2, 3, or 4. The selective removal of the A atom from the precursor results in a MXene, 6 two-dimensional sheets of a transition metal carbide or nitride weakly bound via secondary bonds, such as van der Waals forces 3 and hydrogen bonds. 7 MXenes are being explored for a wide variety of applications in many different fields, 2 including both Li-ion 3 and multivalent-ion batteries, 3, 8, 9 supercapacitors, 10 hydrogen storage, 11 photocatalysis, 12 electrocatalysis, 1,13−15 and nanoparticle supports for catalysis. 16−18 Bare MXenes are very reactive, and in any real-life application are functionalized by either O, OH, or F groups, although F groups have been shown to be replaced by OH groups when the MXene is stored in water or washed in a high-pH solution (a base). 19, 20 In fact, the electronic properties of MXenes vary drastically with both the type of functional groups present on the surface, and their adsorption site; 21, 22 for example, Ti 2 CO 2 is predicted to be semiconducting, even though Ti 2 C with most other functional groups is metallic. 23, 24 While there are several theoretical studies on single sheets of MXenes, 22,23,25−27 there are only a few performed on layered bulk MXenes, 7, 28 which are more representative of multi-or few-layer MXenes used in actual electrochemical applications. Functionalization with OH groups, along with water intercalation, was shown to have large effects on the c-lattice parameters (c-LP) of V 2 C and Nb 2 C. 19 While many studies have shown the effects of functionalization on the electronic properties of MXenes, few have considered the possibilities of multiple functional groups present at once; e.g., functionalized with both O and H groups simultaneously. Also, while previous studies have shown the effects of applied anodic potential on the oxidation of MXenes, 10 there have been few systematic studies of stability or thermodynamic effects on differently functionalized MXenes. We address these critical gaps in knowledge by investigating layered bulk Ti 2 C and Mo 2 C MXene structures, including the effects of water intercalation, multiple functional groups, and applied potential. We choose to study Ti 2 C and Mo 2 C because of their different bulk carbide chemistries (TiC and β-Mo 2 C), and difference in crystal structure. Both Ti 2 C and Mo 2 C MXenes have been already synthesized, thus offering a possibility of experimental verification of the computationally reported predictions. Prior theoretical calculations on MAX phases show similarities between a MAX phase and its corresponding bulk MX phase (e.g., Ti 3 SiC 2 and TiC), 29, 30 and this may have important consequences for the functionalization of these materials.
■ THEORETICAL METHODS
All calculations are done using the periodic plane-wave basis set implementation of density functional theory (DFT) within the PWscf program of Quantum Espresso 31 via the ASE simulation package. 32 We use the Bayesian error estimation functional with van der Waals correction (BEEF-vdW) for exchangecorrelation. 33 We use Vanderbilt ultrasoft pseudopotentials   34   and the valence configuration 2s   2   2p  2 for C, 3s   2   3p   6   4s   2   3d  1 for Ti,  4s   2   4p  6 5s  1 4d  5 for Mo, 2s  2 2p  4 for O, and 1s 1 for H. For structures containing Ti, we use a plane wave energy cutoff of 600 eV, and for structures containing Mo we use a plane wave energy cutoff of 700 eV, in order to converge the total energies to less than 0.002 meV per cell. For sampling in k-space, we use Monkhorst−Pack 35 k-point meshes. We use a (6 × 6 × 6) mesh for bulk TiC, a (4 × 4 × 1) mesh for the (√2 × √2) TiC(111) surface slab, a (5 × 4 × 5) mesh for bulk β-Mo 2 C, and a (5 × 4 × 1) mesh for the β-Mo 2 C(0001) surface; in addition, we use (8 × 8 × 1) meshes for the MXene ionic and cell relaxations and (16 × 16 × 2) meshes for density of states (DOS) calculations. The TiC(111) and β-Mo 2 C(0001) surface calculations consist of 4.5 unit cells of TiC and β-Mo 2 C, respectively, in order to recover the bulk electronic properties at the center of the slab; the TiC slabs are terminated by Ti on either side, and the β-Mo 2 C slabs are terminated by Mo on either side. The DOS are calculated with a 0.1 eV Fermi−Dirac smearing. All atoms and lattice parameters are relaxed until the forces are smaller than 0.01 eV/Å. Single sheet calculations are augmented with ∼12 Å of vacuum.
Our simulation cell is one bulk cell of M 2 C with M = {Mo,Ti}, which consists of two layers of M 2 C stacked on top of one another. Previous experimental reports of Ti x C x−1 T x 4 and Mo x C x−1 T x 36 show that these MXenes keep the same parent structure as their associated MAX phase, so we do not allow M x C x−1 T x planes to shift relative to one another; in this manner, we keep the same space group and lattice group as is observed in experiment, which simplifies the calculations and more easily allows comparison with experiment. The space group is P3̅ m1, in which the MXene planes exhibit AB stacking ( Figure 1a) . We study adsorption of O, H, H 2 , H 2 O, and OH in the adsorption sites indicated in Figure 1b . We consider these adsorbates because, to date, MXenes are synthesized by wet etching in aqueous solutions and moreover, for electrochemical applications, MXenes are often submerged in water or aqueous electrolyte solutions. We consider four adsorption sites: a bridging site (on top of M-M bond), an ontop site (on top of M atom), a face centered cubic ( fcc) site (on top of hollow formed between surface M atoms, with no atom present in the second layer) and a hexagonal close packed (hcp) site (on top of hollow formed between surface M atoms, with C present in the second layer). There are three bridge sites per (1 × 1) cell of M 2 C, and one site each for the ontop, fcc and hcp sites. In order to reduce the large number of possibilities for functionalization, we assume that functionalized groups are placed in equal amounts on each side of both M 2 C planes/ surfaces in the structure, in the same adsorption site; for example, we do not consider an H in a fcc site on one side of the MXene sheet and an H in a hcp site on the other side, or unequal amounts of functional groups on each sheet. The details of calculating the free energy of adsorption are given in the Supporting Information.
■ EXPERIMENTAL METHODS
To synthesize Ti 2 C, 2 g of Ti 2 AlC 13 were added, over ≈120 s, to 20 mL of 10% aqueous hydrofluoric acid (HF) and held for 18 h at room temperature. To make Mo 2 C, 2g of Mo 2 Ga 2 C powders 36 were added, over ≈120 s, to 20 mL of 48−51% aqueous HF solution and held at 55°C for 6.6 days. 36 Both solutions were stirred with a magnetic Teflon coated bar. All mixtures were washed 5 times by adding distilled water, shaking for 1 min, centrifuging at 3500 rpm for 120 s for each cycle and finally decanted. After the last centrifuge, the pH of the supernatant was >6. Lastly, the solid residue, after the last decanting, was mixed with ∼10 mL of distilled water and filtered on a porous membrane (3501 Coated PP, Celgard, USA). In order to dry the synthesized MXene powder, they were heated in a vacuum oven at 140°C for 18 h. X-ray diffraction (XRD) was done on a Rigaku Smart Lab (Tokyo, Japan) diffractometer using Cu Kα radiation (40 kV and 44 mA) and step scan 0.02°, 3−65°2 theta range and step time of 1 s.
■ RESULTS AND DISCUSSION
First, we calculate the properties of bulk bare Ti 2 C and Mo 2 C without functional groups. We find that the in-plane lattice parameters (a-LPs) to be 3.04 and 3.03 Å for Ti 2 C and Mo 2 C, respectively, and the out-of plane c-LPs of the structures to be 10.24 and 10.14 Å for Ti 2 C and Mo 2 C, respectively. Our calculations show that the a-LP has only a weak dependence on functionalization, with changes less than 0.05 Å due to the exchange of functional group. However, the c-LP has a very strong dependence on functionalization, as discussed in more detail below. Since the exact functionalization of MXenes is Understanding of the functionalization of MXenes with respect to the applied potential is important for electrochemical applications. In Figure 2 , we show Pourbaix diagrams as a function of applied potential for Ti 2 C and Mo 2 C; note that only the most energetically favorable coverage at a given potential is labeled in the diagram. At zero potential, both MXenes prefer to be O covered; this can be understood due to their electronic and stoichiometric mismatch compared to their parent bulk carbides (Supporting Information). For both Ti 2 C and Mo 2 C, we find that, at potentials larger than ca. −0.5 V, the coverage is one layer of O (which corresponds to one O per (1 × 1) surface cell), and potentials more negative than ca. −0.5 V, adsorbed hydrogen (H*) is the dominant functional group. As the applied potential becomes more negative, two monolayers of H* (Ti 2 CH 4 at ca. −0.7 V and Mo 2 CH 4 at ca. −0.4 V) become more stable; for Ti 2 C, the most stable sites are the fcc and hcp sites, and for Mo 2 C the most stable sites are the ontop and hcp sites. Finally, for Mo 2 C three monolayers of H* (Mo 2 CH 6 at ∼ −1.0 V) become stable at even more negative potentials, which consist of the ontop, fcc, and hcp sites. We also find that the bare MXene is never energetically favorable, indicating that bare (non functionalized) MXenes should not exist under normal experimental conditions in aqueous solution or in open air. A previous DFT study investigated the terminations of various MXenes with respect to the H chemical potential μ H , showing that at any value of μ H the surface is covered with O. 27 This is in contrast with our results, which show that the surface is covered with multiple monolayers of H at negative potentials. Although we cannot make a direct comparison with previous results (coverage as a function of μ H instead of applied potential), we note that ref 27 did not consider the functionalization of Mo 2 C and Ti 2 C with H.
We now focus our discussion on the most stable functionalizations at different points of the Pourbaix diagram; that is, Ti 2 CH 2 , Ti 2 CH 4 , Ti 2 CO 2 , Mo 2 CH 4 , Mo 2 CH 6 , and Mo 2 CO 2 . We compare the cohesive energy E C depending on the functionalization of the MXenes, which is defined as
where E Bulk is the energy of a layered bulk structure of the MXene, and E Sheet is the energy of a single sheet of the MXene; E C for different functional groups is given in Table 1 . We find that the cohesion energies of the functionalized MXenes are much smaller than that of the bare MXenes, indicating that the bare MXenes are bound much more strongly that the functionalized MXenes, which are only bound via van der Waals forces. Next, we compare our calculated change in the c-LP with respect to the different functional groups of the MXenes (Figure 3 The Journal of Physical Chemistry C Article theoretical studies of bulk MXenes; we find a c-LP of 21.78 Å in comparison with 19.47 Å (using a Perdew−Burke−Ernzerhof (PBE) exchange-correlation functional), and 18.49 Å (using a PBE functional with van der Waals interactions). 19 In other words, the c-LP value is sensitive to the choice of exchangecorrelation functional, especially with respect to van der Waals interactions.
First, we examine the c-LP's for the functionalized MXenes with no intercalated atoms or molecules between the layers (circles in Figure 3 ). The c-LP for Ti 2 CH 2 , Ti 2 CH 4 , and Ti 2 CO 2 are in very good agreement with prior experiment. 4 However, the experimental value for Mo 2 C is much larger than that of either Mo 2 CH 4 , Mo 2 CH 6 , or Mo 2 CO 2 (the lowest free energy functional groups at some point on the Pourbaix diagram). 36 To understand this discrepancy, we intercalate H 2 O in the functionalized MXene systems, as prior experimental measurements show swelling of MXenes due to presence of water. 40 To model this, we intercalate one layer of water, which means there is 1 H 2 O molecule intercalated per 2 metal atoms, for a total of two water molecules per computational unit cell. In other words, there is one layer of H 2 O between the MXene sheets. In Figure 3 , the new c-LPs of the structures with intercalated water (square) are compared to the c-LPs without the intercalated water (circles). We find that the inclusion of water increases the c-LP in all cases, independent of the choice of the functional groups. Interestingly, the Pourbaix diagrams with the inclusion of one layer of water do not change the relative ordering of the systems with different functional groups. This indicates that the change in free energy of functionalization is only very weakly affected by the intercalation of water. A few of the functional groups become unstable due to interaction with the intercalated water and the system relaxes to one of the other stable configurations; these unstable systems do not have the diamond data point in Figure  3 . We note that this is a proof-of-concept model of water intercalation; a more intricate model would involve more complex water structures and intercalation of water in a larger cell than the (1 × 1) to accommodate hydrogen-bonding effects in the water layers and the possibility of submonolayer water intercalation, which is beyond the scope of this paper.
Upon intercalation of water, the calculated lattice constants c-LP for Mo 2 CH 4 , Mo 2 CH 6 and MoC 2 O 2 are all in good agreement with previous experimental values, leading us to conclude that the measured c-LP of Mo 2 C corresponds to a system that is intercalated with water, in contrast to the measured value for Ti 2 C, which does not contain water. This raises the question of why one MXene in experiment contains intercalated water, and the other does not, and whether this is synthesis dependent or an inherent property of different MXenes. Previous experimental studies have shown that intercalation of water in MXenes is greatly dependent on the etching condition; e.g., different c-LPs were reported for Ti 3 C 2 made by etching Ti 3 AlC 2 in hydrofluoric acid (HF) at different etching conditions (different temperatures and etching time). 4 Also, Ti 3 C 2 manufactured by etching Ti 3 AlC 2 in lithium fluoride (LiF) and hydrochloric acid (HCl) has very large cLPs (as high as 40 Å), which is attributed to the large amount of intercalated water and ions shown by swelling of the compound after being stored in water; Ti 3 C 2 could be dehydrated and rehydrated, similar to clay. 41 A decrease of c-LP was found after dehydration and an increase after rehydration. 40 Finally, prior reports show that heating Nb 2 C at 673 K in vacuum leads to a reduction of c-LP by 6.49 Å, 19 which was attributed to the complete removal of intercalated water; inelastic neutron scattering measurements show signals of bound water and OH* groups that vanish after heating in vacuum. Interestingly, this same heating procedure at 773 K on Ti 3 C 2 leads to only a reduction of c-LP by 0.58 Å. This was due to the fact that the starting Ti 3 C 2 before vacuum annealing had no intercalated water and vacuum annealing only changed the functional groups. 19 What these prior results show is that there are very different c-LPs of MXenes depending on water intercalation and functional groups; therefore, it may not make sense to declare one specific c-LP for a given MXene. Rather, the out-of plane lattice parameter c-LP of the MXene must be understood as a LP at a given state (hydrated or dehydrated, number of intercalated water layers, different functional groups present). Based on our calculations, however, we find that the intercalated water layers do not significantly change the overall ordering of the Pourbaix diagrams and result in fairly uniform shift of all states. The Journal of Physical Chemistry C Article To achieve a better understanding of the effect of MXene synthesis and water intercalation, we synthesized both Ti 2 C and Mo 2 C MXenes with a similar etching method, using HF. For both Ti 2 C and Mo 2 C, we perform X-ray diffraction (XRD) measurements on two different samples: the "wet" sample, for which we perform the XRD ∼ 2 h after the last step of washing and filtration, and the "dry" sample, for which the XRD is performed after 18 h at 140°C under vacuum (Figure 4 ). Both wet Ti 2 C and Mo 2 C MXenes had a peak at ∼6.5°, which, assuming a water diameter of 2.8 Å, would correspond to two layers of water intercalated between each MXene layer. The wet Mo 2 C XRD pattern has also a second peak (c-LP of 21.0 Å), possibly corresponding to one layer of intercalated water, consistent with prior experimental results for Mo 2 C. 42 The appearance of the second peak in only "wet" Mo 2 C and not "wet" Ti 2 C shows that the MXene chemistry can also affect molecular intercalation and changes of c-LP. However, after vacuum drying, both dry MXenes show similar (0002) peak around ∼8.8°, which corresponds to one layer of water between the MXene layers. Based on these results, the experimental c-LP of Mo 2 C using a model of one intercalated layer of water is found to be between 20.1 to 21.0 Å, in decent agreement with the calculated 23.55 Å for Mo 2 CO 2 , and the c-LP of Ti 2 C with one intercalated layer water is 20.1 Å, in good agreement 20.61 Å for Ti 2 CO 2 . In general, similarities in the Ti 2 C and Mo 2 C results confirm the computational finding that c-LP of MXenes largely depend on the synthesis conditions.
The difficulty in getting a sample with no intercalated water can be supported up by the DFT calculations; the free energy of water-intercalated structures in the Pourbaix diagram (i.e., Mo 2 CO 2 , Mo 2 CH 4 , Mo 2 CH 6 , Ti 2 CO 2 , Ti 2 CH 2 , and Ti 2 CH 4 ) are always lower than those of the systems without intercalated water. Although we did not obtain any samples with no intercalated water, prior reports show that other MXenes can be dried sufficiently that no water remains in between the MXene sheets. 7, 43 To further understand the effect of drying the MXene after synthesis, we also performed XRD measurements immediately after synthesis and washing of the Ti 2 C powder ( Figure 4b) . A very strong (0002) peak at ∼5.3°is observed (c-LP of 32.1 Å) for the after-washed sample, corresponding to three layers of water between Ti 2 C sheets. As discussed here, the c-LP of Ti 2 C was reduced to 26.5 Å by keeping the MXene powder at room temperature for about 2 h (wet Ti 2 C in Figure 4a,b) , changing it to two intercalated water layers. To our knowledge, the spontaneous disappearance of this third intercalated water layer has not been shown in MXenes before.
Besides the structural and chemical changes, we also find very interesting electronic structure changes of the functionalized MXenes under applied potential. In Figure 5 , we compare the electronic structure of MXenes to their bulk and surface metalcarbide counterparts. The DOS of bulk TiC and bulk β-Mo 2 C are given in Figure 5a ,b, the DOS of TiC(111) and β-Mo 2 C(0001) surfaces are given in Figure 5c ,d, respectively. These should be compared to the DOS of the bare MXene structures given in Figure 5e ,f. We find two main bands near the Fermi level; the fully occupied C-localized band at ca. −4 eV for Ti 2 C and ca. −6 eV for Mo 2 C, and a much wider band that is partially filled. When it comes to the DOS of the functionalized MXenes (see Figure 5g ,h, for Ti 2 CH 2 and Mo 2 CH 2 , respectively), we find that they are quite similar to that of the bare MXenes, except for the change in Fermi level due to the charge transfer from the MXene to the adsorbed H. The direction of this charge transfer is unusual, in that these systems, H acts as an acceptor, rather than a donor. Figure 5i shows the DOS of Ti 2 CO 2 , which is remarkably different than that of the bare Ti 2 C, due to the strong hybridization between the adsorbed O and both the Ti and C of the MXene. Although most of the functionalized MXenes are computationally found to be metals, this O-functionalized Ti 2 C is a small gap insulator, consistent with prior theoretical calculations of single-sheet Ti 2 CO 2 . 23, 44 On the other hand the O-functionalized Mo 2 C (Mo 2 CO 2 ) shown in Figure 5j , is superficially similar to that of Ti 2 CO 2 , except for the position of the Fermi level; Mo 2 CO 2 also does not become insulating.
One important finding is the change in the electronic structure for Ti 2 C with O and H as functional groups, corresponding to Ti 2 CO 2 and Ti 2 CH 2 , respectively, at an applied potential ca. −0.6 eV. We find that Ti 2 CO 2 is insulating, Figure 4 . XRD patterns of (a) the "wet" and "dry" layered Mo 2 C and Ti 2 C samples, and (b) the "wet" and "dry" Ti 2 C compared with XRD pattern of the Ti 2 C powder immediately (∼5 min) after washing and filtration labeled as "after wash". The Journal of Physical Chemistry C Article whereas Ti 2 CH 2 is metallic; we find a gap of 0.39 eV, which is in agreement with previous GGA exchange correlation calculations and should be compared to the hybrid functional calculations which show an even larger gap of 0.88 eV. 38 In other words, this shows that Ti 2 C has a metal−insulator transition that can be induced by an applied voltage, but the transition itself is mediated by adsorbates. This raises the question of what other phase transitions can be induced in MXenes by different functional groups, and what external means can be used to control functionalization. As a representative example, we show the changes in Mo 2 CO 2 electronic structure upon intercalation of water (Figure 6a and 6b). We find that, while the DOS of water broadens when it is intercalated in Mo 2 CO 2 , the DOS of the MXene is essentially identical. This indicates that any change in electronic structure is limited to that of intercalated water, with minimal effect on the MXene itself. This explains why the relative positioning of the functionalized MXenes in the Pourbaix diagrams with and without intercalated water are essentially the same; electronically, the MXenes are indifferent to the presence of water, and any change in the MXene itself is limited to a larger c-LP. Hence, the metal−insulator transition is robust and is not affected by the intercalation of water. At the same time, this transition and change in the oxidation state of titanium upon change of the surface termination may contribute to capacitive energy storage by MXene in aqueous electrolytes. 45 
■ CONCLUSION
In conclusion, we used DFT to calculate the atomic structure and electronic properties of Ti 2 C and Mo 2 C MXenes with different functional groups relevant in aqueous media. We calculated the changes in free energy of functionalization, and found that there were different stable sites for H, O, OH, H 2 , and H 2 O. The c-LP varies significantly with the functionalization of the MXene, and the c-LP is greatly increased upon intercalation of water. Due to the large variation in the c-LPs reported in experimental results, especially on the effects of hydration of these materials, leads us to propose a question on what the measured c-LP for a given MXene is. We find that the answer is highly dependent on the exact hydration conditions, because the c-LP is very sensitive to these conditions. Under zero applied potential, both sets of MXenes are found to be functionalized by one layer of O; bare MXenes are never stable, regardless of the applied potential. An adsorbate-mediated metal−insulator transition was discovered for Ti 2 C; applying a voltage of ca. −0.6 V changes the system from insulating Ti 2 CO 2 to metallic Ti 2 CH 2 . This work paves the way for further explorations of other adsorbate-mediated phase transitions on a wide variety of MXenes, which can have farreaching implications on their physical and chemical properties for electronic and electrochemical applications.
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